Transcriptomal changes in the uterine endometrium induced in response to the implanting embryo remain largely unknown. In this study, using Affymetrix mRNA expression microarray analysis, we identified genes differentially expressed in the murine endometrium in the presence or absence of the embryo. 
P REGNANCY FAILURE IS thought to be caused by a variety of factors including poor oocyte or embryo quality (1, 2) , acquired or congenital anatomical abnormalities (3), and endocrine disruption (4) . Epidemiological studies in humans (5) and livestock (6) , as well as genetic studies in rodents (7) , support the notion that failed pregnancy also occurs due to faulty uterine function or miscommunication between the embryo and mother during implantation. Increased knowledge of the events leading to adequate preparation of the uterus for embryo attachment and implantation, as well as a better understanding of molecular signals regulating trophoblast invasion of the endometrial stromal compartment, is important to prevent pregnancy failure.
In invasively implanting species such as rodents and humans, the endometrial compartment undergoes a postnatal developmental paradigm during early gestation that involves proliferation, growth, and differentiation of resident stromal cells into large polyploidy decidual cells (8 -10) . This differentiated stromal tissue, called the deciduum, plays a variety of functions that are critical for pregnancy. For instance, the deciduum produces many endocrine and paracrine signaling molecules (11) (12) (13) , displays immunosuppressive actions (14, 15) , provides a nutrient source for the expanding trophectoderm as it undergoes progressive regression by apoptosis (8, 9) , and controls trophoblast growth and migration (16) . It also provides a rudimentary vascular network that becomes modified by the embryo as the placenta develops (17) . The deciduum of rodents and humans as well as nondecidualized stromal tissue in noninvasively implanting species harbors immune cells such as natural killer (NK) cells that are recruited to the endometrium during early gestation (18, 19) . The NK cells, which constitute approximately 30% of the total cellular volume of the human deciduum (20) , modulate maternal spiral arteries to enhance blood flow to the implantation site (21) . Additionally, NK cells release growth-promoting and chemoattractant factors that aid in the development of the placenta as it invades the uterus in its quest for nutrients (22) . In mice, decidualization begins shortly after the blastocyst attaches to the uterine luminal epithelium on day of pregnancy (DOP) 3.5 and continues through DOP 9, at which time the embryo begins to develop its own nutrient/gas exchange apparatus (i.e. placenta). The decidualized endometrium therefore is a placental-like structure that serves as the primary exchange apparatus for the developing embryo until the placenta becomes functionally competent to take on this role. A similar but temporally distinct design exists in humans. The observation that the hormonally primed uterus can be stimulated by mechanical means (e.g. sesame oil) to undergo decidualization, even in the absence of an embryo, supports the notion that stromal cell differentiation is initially controlled by intrinsic maternal factors (23) . Although the mechanically decidualized endometrium, known as the deciduoma, is similar to the embryo-induced decidua in many respects, several histological differences (e.g. vasculature) are evident. In humans, spontaneously decidualized stromal cells are commonly found during the secretory phase of the menstrual cycle in the absence of pregnancy in regions surrounding uterine spiral arteries (24) . It is, however, still unknown as to what extent the embryo contributes to the development of the decidualized endometrium.
To test the hypothesis that the embryo takes a proactive role in helping to establish the uterine environment during implantation, we attempted to determine whether the early postimplanting embryo has the capacity to regulate not only its own development but also certain aspects of maternal endometrial development during decidualization. To this end, genome-wide DNA microarray analysis was completed initially to identify genes and gene networks that became differentially regulated between the deciduum of early pregnancy formed in response to the embryo and the mechanically induced, embryo-free deciduoma. Postmicroarray validation studies at the mRNA and protein levels provide supporting evidence that the embryo modulates endometrial development during early pregnancy.
Materials and Methods Animals
Mature (6 -8 wk old) ICR female mice purchased from Charles River Laboratories (Wilmington, MA) were placed with intact ICR male mice of proven breeding capacity or with vasectomized ICR male mice. Female mice were considered DOP or day of pseudopregnancy (DOPP) 0.5 on observation of a vaginal seminal plug. For collecting decidual tissue on DOP 7.5, 8.5, and 9.5, whole implantation sites were first cut along the axis of the uterus just beneath the myometrium to expose the decidual tissue. Deciduas were bluntly removed and then cut longitudinally to access the embryonic chamber. The embryo and associated membranes were then removed by scraping the inside of the embryonic chamber with a scalpel blade. The remaining decidual tissue was rinsed in ice-cold PBS. Although it is possible that some residual trophoblast giant cells remained attached to the deciduum because of the highly invasive nature of these cells, this method of isolation results in highly enriched decidual tissue. To obtain sufficient RNA to complete the array analysis, decidual tissue from two implantation sites from the same mother were pooled from each of three separate pregnant female mice. Whole implantation sites were collected on DOP 4.5 for Western blotting or on DOP 7.5 and 8.5 and prepared for histology and immunohistochemistry. To induce decidualization in pseudopregnant female mice, sesame oil (10 l) was infused into the uterine lumen immediately below the uterotubal junction at 1300 h on the third day after observation of a vaginal plug. Whole uterine tissue or decidualized endometrium (referred to as the deciduoma) was collected at times that correspond developmentally to DOP 7.5, 8.5, and 9.5, respectively. Deciduomal tissue was exposed by first making a longitudinal incision just beneath the myometrium. The myometrium and serosa were then peeled away from the decidualized stromal tissue by blunt dissection. Total RNA was immediately isolated from a 50-mg portion from each of three individual female mice. The remaining deciduomal tissue was partitioned into 50-or 100-mg portions and stored at Ϫ80 C for subsequent use. Animal protocols were reviewed and approved by the Massachusetts General Hospital Institutional Care and Use Committee.
RNA isolation and semiquantitative RT-PCR
Total RNA was isolated from uterine tissues using TriReagent (Sigma Chemical Co., St. Louis, MO) and subjected to DNase I digestion (RQ1 RNase-free DNase; Promega, Madison, WI) to eliminate genomic DNA contamination. cDNA was synthesized using SuperScript II reverse transcriptase and oligo-dT primer (Invitrogen, Carlsbad, CA). Uterine gene expression was assessed by semiquantitative RT-PCR of the cDNA using primer sets shown in Table 1 . Each PCR product was sequenced to confirm specific amplification of the target gene. mRNA encoding the ribosomal protein L7 (Rpl7) was used as an internal control. Semiquantitative analysis was completed after densitometry scanning of all genes analyzed by RT-PCR in which the gene expression ratio of each gene vs. Rpl7 was established. A negative control (i.e. mock reverse transcriptase) was also included for each mRNA sample in which reverse transcriptase was omitted to further confirm the absence of genomic DNA contamination.
DNA microarray experiment and data analyses
The total RNA samples for microarray analysis were isolated from decidualizing endometrial tissues on d 7.5 of pregnancy and pseudopregnancy using TriReagent and further purified using the RNeasy Mini Elute clean up kit (QIAGEN, Chatsworth, CA). The RNA quantity, integrity, and purity were determined by microscale UV spectrophotometry, electrophoresis in formaldehyde agarose gels with ethidium bromide staining, and the RNA-nano bioanalyzer microcapillary electrophoresis (Agilent, Palo Alto, CA). RNA samples of three independent experiments, in which tissues were obtained from separate female mice, were first evaluated by real-time quantitative RT-PCR using TaqMan quantitative PCR assay for murine ␤-actin gene using master mix and AB7500 real-time PCR system (Applied Biosystems, Framingham, MA). Microarray probe synthesis and hybridization of GeneChip Mouse Genome 430 -2.0 DNA array (Affymetrix, Santa Clara, CA) were performed in the Molecular Profiling Laboratory at the Massachusetts General Hospital Center for Cancer Research following the manufacturer's instructions. Hierarchical clustering analysis of the decidual and deciduomal tissue samples was performed using Cluster software and visualized with TreeView software (25) . Gene ontology analysis and identification of differentially expressed genes (P Ͻ 0.05, Student's t test) were performed using the GeneSifter.net online service (visXlabs, Seattle, WA). The GeneSifter software served as a linker tool for further analyses using the Kyoto Encyclopedia of Genes and Genomes database (26) and Gene Ontology Consortium Database (27) . Based on prior experience (28) , genes whose expression intensity value was less than 100 were eliminated from the study for the reduced accuracy in microarray quantitation for such low amounts of mRNA transcripts as well as technical difficulties in validation studies.
Western blot analysis
Protein lysates were collected from decidualized endometrial tissue of pregnancy and pseudopregnancy for Western blot analysis as described in detail (29) . After electrophoretic separation using the NuPage system (Invitrogen), proteins were transferred (30 V, 1 h) onto polyvinylidene difluoride membranes. Nonspecific binding was blocked with 5% fat-free milk in PBST buffer (0.1% Tween 20 in PBS) for 1 h at room temperature. Primary antibodies were diluted in PBST with 5% BSA and applied to membranes for over night incubation at 4 C. Membranes were then washed (3 ϫ 10 min each) in PBST buffer and incubated with secondary antibodies for 1 h at room temperature (see Table 2 for specific details about each of the primary and secondary antibodies). Membranes were washed in PBST as before, and bound antibody was detected using enhanced chemiluminescent reagents based on the manufacturer's recommendations (Amersham, Piscataway, NJ). Control blots were also completed in which primary antibody was omitted. To verify equal protein loading, membranes were then stripped [1 m glycine (pH 2.5), 1 h, 37 C] and reprobed with pan-AKT antibody.
Immunohistochemical and histological analyses
For immunohistochemical analyses, whole implantation sites (DOP 7.5 and 8.5) or decidualized uterine tissue (DOPP 7.5 and 8.5) were either fixed in 4% buffered paraformaldehyde (24 h at 4 C) followed by paraffin embedding or prepared for frozen sectioning by briefly (2 h) fixing tissues in 4% paraformaldehyde, incubating overnight in PBS-buffered 0.5 m sucrose, and embedded in optimum cutting temperature compound (Sakura Finetek Inc., Torrance, CA). Frozen sections were cut to 6 m, equilibrated in PBS, air dried, and then postfixed in ice-cold 4% paraformaldehyde for 10 min. Paraffin-embedded uterine sections (6 m) were deparaffinized with xylenes followed by graded rehydration in ethanol (100, 95, 80, and 70%) and distilled water. After peroxidase quenching (10 min in methanol containing 0.3% hydrogen peroxide, all tissue sections), antigens were unmasked (paraffin embedded sections only) by high-temperature protein denaturation [10 min boiling in 10 mm sodium citrate buffer (pH 6.0)]. After equilibration in PBS and blocking (2% BSA and 1% normal donkey serum), sections were incubated overnight at 4 C with primary antibody diluted in buffer of 0.1 m Tris (pH 7.6), 0.55 m NaCl, and 0.01 m KCl as outlined in Table 2 . Sections were then washed (PBS, 3 ϫ 10 min each) and incubated for 1 h at room temperature with biotinylated secondary antibody (1:500; Santa Cruz Biotechnologies, Santa Cruz, CA) followed by washing and a final incubation with horseradish peroxidase-conjugated streptavidin for 45 min at room temperature (Vector Laboratories, Burlingame, CA). After washing as before, sections were exposed to 3,3Ј-diaminobenzidine substrate, counterstained with hematoxylin, dehydrated in ethanol and xylenes, and mounted for light microscopy. Antibody specificity was confirmed in negative control experiments in which primary antibodies were omitted. For detection of endometrial NK cells, paraffin sections were prepared as before with the exception that biotinylated Dolichos biflorous (DBA) lectin (Table 2) (30) was used in place of antibodies. For decidual (DOP 7.5 implantation sites) vs. deciduomal (DOPP 7.5) histological comparisons, uterine tissues were fixed in Dietrick's fixative (24 h at 4 C; 0.34 n acetic acid, 10% formaldehyde, 28% ethanol), paraffin embedded, sectioned (4 m), and stained with hematoxylin and eosin. Endometrial tissue area (n ϭ 4 experiments) in deciduomal and decidual sections was calculated using the following equation: endometrial area ϭ () [(mesometrial vertical radius ϩ antimesometrial vertical radius)/2] (horizontal radius). The mean percentage of mitotic cells in Table 2 for details of antibody usage) vs. the total number of cells (mean of three tissue sections per sample, with counts taken from five fields of view per section) after standard immunohistochemical detection.
Experimental replication and statistical analysis
Each experiment was independently replicated at least three times with different mice being used in each experiment. Data in all graphs represent the mean Ϯ sem from replicated experiments. Assignment of mice to each experiment was made randomly. Raw data were analyzed with GraphPad PRISM software (version 4.0; San Diego, CA) by Student's t test for simple comparisons or one-way ANOVA in which three time points were compared. Mean values were considered statistically different when P Ͻ 0.05.
Results

Genome-wide mRNA expression profiling identifies differentially regulated transcripts in the naturally vs. mechanically stimulated decidualized endometrium
Potential gene targets of embryonic signaling in the decidualized endometrium of the mouse were identified by comparing mRNA expression profiles between mechanically induced deciduomal and embryo-induced decidual tissues. Because of consistencies in ␤-actin gene expression and probe hybridization obtained across all mRNA samples, sample normalization and data transformation were not completed during the analysis. Therefore, the data presented below reflect raw changes in gene expression between decidual and deciduomal tissues without manipulation of the data. Microarray comparison of transcriptomal profiles of three decidual and three deciduomal specimens obtained from independent animals showed that, among approximately 15,000 significantly expressed genes, 2,943 genes were differentially expressed with at least 1.2-fold changes and confidence interval of 95%. Because potentially important genes may be differentially expressed at limited regions in the embryo-induced decidua (e.g. areas immediately adjacent to the embryo), we selected relative low cutoff criterion (1.2-fold) to ensure that our analysis would not lose information on such genes.
Gene ontology annotation was used for categorizing genes on the basis of their involvement in different biological processes. Of the 2943 differentially regulated gene, 2792 genes were partitioned into nine categories (Fig. 1) . The five largest categories were binding (45%), catalysis (24%), signal transduction (10%), transcriptional regulators (5%), and transporters (5%). These results implied that a major portion of the differentially expressed genes (i.e. potentially embryo-regulated genes) encode binding proteins to certain targets or enzymes. Cluster analysis successfully separated the decidual and deciduomal endometrial tissues, and 1439 classdiscriminating marker genes were identified (Fig. 2) . Among them, expression of 753 genes was significantly up-regulated (P Ͻ 0.05, 1.2-fold or greater) in the decidua and 686 genes were down-regulated. In total, the presence of an embryo impacted on the expression of approximately 10% of the entire set of genes expressed in the decidualizing endometrium during pregnancy. Tables 3 and 4 show 53 of the 59 total annotated genes that were up-or down-regulated (P Ͻ 0.05), respectively, by 2.5-fold or more in decidual tissue. A detailed list of genes differentially regulated 1.2-fold or more can be found elsewhere (www.VCRB.org).
The RT-PCR method was used to validate findings observed by the microarray method. Of the 25 differentially expressed genes presented in Figs. 3, 5, 6 , and 7, 20 genes were shown by RT-PCR and semiquantitative analysis (n ϭ 3-4 replicates per gene) to be regulated (P Ͻ 0.05) in accordance with the microarray data set. That the microarray data could be validated by RT-PCR with 80% efficiency suggests that the fold change observed by microarray analysis reflects the biological condition with reasonable certainty.
Transcriptional and translational validation of microarray data
Validation studies of microarray data using RT-PCR confirmed differential expression of genes whose biological importance in the endometrial has been previously reported or suggested. These included genes expressed higher in decidual tissue [e.g. peptidoglycan recognition protein 1; protein C receptor (Procr); secreted phosphoprotein 1; angiopoietin 2; and uterine-specific proline-rich acidic protein] and genes expressed higher in deciduoma (e.g. prolactin-like protein b). Expression of some genes such as forkhead box o1a (Foxo1a, Fig. 3) was not different between decidua and deciduoma based on both microarray and RT-PCR analyses.
To demonstrate that changes in mRNA expression were translated at the protein level, we next assessed expression of the Procr product, endothelial protein C receptor (EPCR). Based on the microarray experiment, Procr mRNA was approximately 4 times more abundant in decidua than deciduoma. RT-PCR validation confirmed that Procr mRNA was expressed more strongly in decidua than deciduoma (P Ͻ 0.05, Fig. 3 ). Western blotting analysis revealed that endometrial expression of the EPCR protein was low on DOP 7.5, increased significantly by DOP 8.5, and remained elevated through DOP 9.5 (Fig. 4, A and B) . On d 8.5, EPCR protein was expressed 2.4-fold more strongly (P Ͻ 0.05) in decidual tissues than deciduoma (Fig. 4, C and D tissues on DOP 8.5, compared with the deciduomal tissues on the corresponding day of pseudopregnancy (Fig. 4E) .
A pregnancy induced type I interferon-like response
Expression of several interferon (IFN)-stimulated genes (ISGs) has previously been shown to be up-regulated in the endometrium in response to embryo implantation (31) . Semiquantitative RT-PCR (Fig. 5A ) was used to show an increase (P Ͻ 0.05) in mRNA expression for interferon regulatory factor-8 (Irf-8, 1.6-fold), interferon ␣-responsive protein (Iarp, 2.0-fold), interferon activated gene 202B (Ifi202b, 1.9-fold), interferon ␥-inducible GTPase (Iigp1, 1.6-fold), as well as transcripts from genes Isg12 (2.5-fold) and Isg15 (1.6-fold). Among these Iarp, Isg12, and Iigp1 were identified from the microarrays as being up-regulated (P Ͻ 0.05) in decidual tissue. The Isg15 has been studied in greatest detail for its up-regulation in the bovine endometrium in response to embryo-derived interferon- (32, 33) . Recently, Isg15 was shown to be expressed more abundantly in decidual tissue of pregnant mice in comparison with deciduomal tissue of pseudopregnancy (34) . These findings are extended here at the protein level, which show that uterine ISG15 protein increased from DOP 4.5 through DOP 7.5 and then further by DOP 9 (Fig. 5, B and C) . A 1.7-fold increase (P Ͻ 0.05) in ISG15 was found in isolated decidual tissues of pregnancy, compared with deciduomal tissues (Figs. 5D and 3E ).
Regulated tissue growth and remodeling
Throughout the present study, we consistently noted that deciduomal tissue appeared larger in size than decidual tis- A number of growth factors have been proposed to regulate various aspects of uterine function during implantation. Among these, IGF-I and bone morphogenic proteins (BMPs) are thought to initiate decidualization and coordinate embryo spacing, respectively, during embryo implantation (35) . In this next group of studies, we focused on nine genes encoding proteins that are developmental regulators of tissue growth and remodeling. As before, these genes were identified by microarray as being selectively induced or suppressed in decidualized uterine stromal tissue in response to the presence of an embryo. Three genes encoding proteolytic enzymes, protease serine member S (Prss) 11, Prss25, and matrix metalloproteinase (Mmp) 9, were significantly up-regulated (P Ͻ 0.05), whereas tissue inhibitor of matrix metalloproteinase (Timp) 3, a classical marker of uterine stromal cell differentiation that blocks MMP catalytic activity, was concomitantly down-regulated (Fig. 6D) . Although microarray data suggested up-regulation of insulin-like growth factor binding protein (Igfbp) genes 2 and 5, RT-PCR validation did not confirm this observation. Fstl3, whose protein product neutralizes activin A signaling and potentially other members of the BMP family (36), was up-regulated. Bmp2 and Bmp7 were down-regulated (P Ͻ 0.05) by 1.7-and 2.3-fold, respectively. Our microarray analysis did not detect differential expression of IGFs, activins, IGF receptors, and BMP receptors between decidua and deciduoma. To confirm differences in expression at the protein level, focus was given to the high temperature requirement factor A1 (HtrA1), the encoded product of Prss11 and a serine protease thought to be involved in decidual cell involution during invasion of the uterine compartment by the trophectoderm (37, 38) . As shown in Fig. 6E , HtrA1 was strongly expressed in the differentiated stromal cells at the DOP 8.5 implantation site, whereas its expression was only modest in the stromal cells surrounding the uterine lumen on DOPP 8.5. A common feature of the BMP and IGF systems is that both pathways control organ size by promoting tissue growth through increased cell cycle progression. The MAPK and AKT pathways often mediate mitogenic signals (39) . Figure  6F demonstrates that the phosphorylated, and thus active form of AKT (i.e. pAKT), was more profuse in the deciduum of pseudopregnancy than in the decidua of pregnancy (1.72 Ϯ 0.08 vs. 0.75 Ϯ 0.14, ratio normalized against pan-AKT, P ϭ 0.01). Likewise, the transcription factor FOXO1A, a downstream target of pAKT signaling that promotes uterine stromal cell decidualization (40, 41) , also showed a greater degree of phosphorylation (P Ͻ 0.05) in deciduomal tissues. Interestingly, the phosphorylation status (i.e. activity) of the MAPK ERK 1/2 remained unchanged between decidual and deciduomal tissues (Fig. 6F) .
Immune cell recruitment
Immune cells contribute positively to pregnancy by producing growth factors and cytokines that promote trophoblast invasion of the uterine environment during early pregnancy (22) . In accordance with this concept, our microarray data identified numerous NK cell markers as genes preferentially expressed in the decidua over the deciduoma. For example, as shown in Fig. 7A , Nkg7, Perforin, Granzyme E, and Granzyme F were all found to be significantly (P Ͻ 0.05) up-regulated in the decidua. The elevated expression of these NK cell markers reflected larger numbers of NK cells present in the decidual endometrium (7.3-fold, P Ͻ 0.001) than in the deciduomal tissues, as demonstrated by the NK cell-specific DBA lectin staining (30) of paraffin sections (Fig. 7, B and C) .
Discussion
Several laboratories have used high-density microarrays to catalog genes expressed in the uterus during the estrous (42, 43) or menstrual cycles (44 -46) , in response to steroid hormones estrogen (47) (48) (49) and progesterone (46, 49 -51) and during early pregnancy (52) (53) (54) (55) . However, to our knowledge, endometrial gene expression during early pregnancy in vivo has been limited to a report using a low-density array consisting of 83 genes (56) . Other microarray studies have been completed using in vitro models (57, 58) , in species other than mice (52, 53) , or at different stages of pregnancy without focus on the endometrial compartment (43, 49) . In the present study, we used Affymetrix high-density microarray to compare genome-wide mRNA expression profiles of the embryoinduced decidua of murine pregnancy and the oil-induced deciduoma of pseudopregnancy. Results of this study provided new and potentially important insights into the molecular and cellular events initiated by the implanting embryo in the decidualizing mammalian endometrium. One caveat of this comparative model is that the deciduogenic stimulus used to initiate decidualization was different during pregnancy and pseudopregnancy. It is possible, for example, that some of the genes identified in this study as being differentially regulated are actually induced or suppressed by mechanical stimulation of the endometrium rather than by embryonic factors. Similarly, the increased size of the deciduoma over the decidua may be more reflective of the amount of stimulation rather than the proposed suppressive actions of the embryo on endometrial expansion. Additional experiments employing in vitro coculture methods and in vivo genetic approaches will be necessary to validate embryonic signaling in the endometrium.
Another potential limitation of this model is that the decidualized endometrium is comprised of a heterogeneous population of cells. Differences in gene expression between decidual and deciduomal tissues may occur because of differences in the presence of certain populations of cells. Nonetheless, a number of genes (e.g. Isg15, Procr, and Fstl3) identified in this study were previously reported as embryoinduced genes using in vitro or ex vivo approaches (34, 56 -58) . In total, 1439 genes were recognized as being differentially regulated in decidual vs. deciduomal tissue.
Among the most highly regulated genes identified in the profiling experiment was the EPCR, which was up-regulated 2.6-fold in decidual tissue (Fig. 4D) . EPCR is a component of the protein C anticoagulation pathway that activates protein C by the thrombin-thrombomodulin complex (59, 60) . This natural antagonist of blood coagulation prevents microvascular thrombosis and is expressed in endometrial tissue of early pregnancy (59) . In human pregnancies thrombosis of the maternal-placental vascular circuit is associated with fetal loss, intrauterine growth restriction, and severe earlyonset preeclampsia (61) . Genetic studies in mutant mice have confirmed a functional role for EPCR during pregnancy in that mutant fetuses generally die from placental thrombosis (60) . It is easy to envision that an anticoagulation system such as the protein C pathway must be in place at the implantation site to prevent thrombosis from blocking nutrient/gas exchange, particularly because, at least in humans, pregnancy is associated with increased thrombin generation (62) . What- ever the case, EPCR likely plays an important role during early pregnancy in that its presence in decidualized uterine stromal cells and probable regulation by an embryonic factor(s) is evidently conserved phylogenetically in mice and humans. Indeed, Popovici et al. (58) indicated that primary human decidualized stromal cells cultured in the presence of trophectoderm express 2.5 times more Procr than decidual cells cultured alone.
Six IFN-regulated genes were found to be up-regulated in decidual compared with deciduomal tissue. This IFN-like response is conserved evolutionarily and has now been observed in a number of species including cow (32, 33) , sheep (53, 63) , mouse (current study and Refs. 34 and 56), baboon (64) , and human (57, 64) . However, only in ruminants has a bona fide IFN been identified as the embryo-derived paracrine factor regulating uterine responses. We demonstrate here that murine ISG15 protein is more abundant in decidual tissue of pregnancy than in deciduomal tissue, supporting previous findings that Isg15 mRNA was transcriptionally up-regulated by the embryo (34, 54, 57) . We also add Irf-8, Iarp, Ifi202b, Iigp1, and Isg12 to the list of endometrial IFNregulated genes, and among these, only Isg12 has been reported as being regulated in the uterus by an embryonic signaling factor (53) .
Another interesting observation made was that deciduomal tissue was substantially larger than decidual tissue three days after provision of a deciduogenic stimulus (Fig. 6B) . A likely explanation for this increased size is elevated cell cycle progression. We noted a 315% increase in the percentage of mitotic cells in deciduomal tissue, compared with decidual tissue. A number of growth factors have been proposed to stimulate endometrial stromal cell proliferation and differentiation at the time of decidualization. These include, among others, IGF-I (35), activin (65) , and BMP2 (35) . Two mechanisms potentially regulated by the embryo were identified that could account for a reduction in decidual growth during pregnancy. First, Bmp2 was significantly down-regulated in decidual tissue. BMPs are well-established developmental enhancers of tissue growth (66) . BMP2, in combination with other factors such as fibroblast growth factor-2, may promote increased proliferation, hypertrophy, alkaline phosphatase activity, and extracellular matrix synthesis associated with decidualization (35) . It is hypothesized here that the embryo retards decidual production of growth factors such as BMP2 as a means to control endometrial growth. Second, whereas differences were not detected in the expression of other growth factors such as Igf-1, Igf-II, or Activin A or their receptors, several proteases that degrade these paracrine factors were more abundant in decidual than deciduomal tissue. For instance, Prss11 mRNA was up-regulated by the presence of the embryo. Likewise, the Prss11 product, HtrA1, a protease with an IGF binding domain (38, 67) , was also more abundant in decidualized stromal cells than in corresponding cells of the deciduoma (Fig. 6E) . In addition to IGF binding proteins, which have been proposed to modulate IGF signaling at the implantation site (68) , IGF gradients may be modulated through proteolytic cleavage by proteins such as HtrA1. Like IGFs, activin A is proposed as a promoter of uterine decidualization (65, 69) .
The maternal deciduum is the primary source of activin A in which it is though to stimulate endometrial production of proMMPs-2, -3, -7, and -9, as well as MMP-2 and in doing so is a purported important factor in the dialog that exists between the embryo and mother (69) . Fstl3, the encoded product of which neutralizes activin A, myostatin, and some BMPs (70), was also up-regulated in decidual tissue. Similar findings were observed for Fstl3 in human decidualized stromal cells exposed to trophoblast conditioned medium (58) . These combined results suggest a second mechanism that is used to regulate endometrial development whereby the maternally derived growth-promoting signaling become attenuated by embryo-induced neutralization of growth factors. An interesting clinical observation was made from human pregnancies in which Fstl3 was found to be significantly more abundant at the maternal-fetal interface of intrauterine growth-restricted pregnancies than normal pregnancies (71) . It was concluded from this study that FSTL3 might be important for the pathogenesis of intrauterine growth restriction due to enhanced removal of growth promoting factors.
Whereas measurements of decidual growth factors at the protein level were not made, two downstream signal transduction pathways (i.e. AKT and ERK1/2) linked to activated growth factor receptors were studied. Activation of these pathways correlates with cell proliferation and tissue growth. Within uterine stromal cells, pAKT, activated by IGF-I (72) is proposed as an intracellular mediator of decidualization in human endometrium (72, 73) . Whereas ERK signaling was not different in deciduomal and decidual tissues, the phosphorylated and thus active form of AKT (i.e. pAKT) was 2.3-fold more prevalent in the highly mitotic deciduoma. A target of pAKT activity and now well-established promoter of uterine stromal cell differentiation (40, 74) , pFOXO1A, was also more abundant in deciduomal than decidual tissue. In its phosphorylated form, the FOXO1A transcription factor remains sequestered in the cytosol bound to 14 -3-3 proteins and thus incapable of activating genes that promote differentiation and suppressing genes that promote proliferation (75) . The increased presence of pFOXO1A correlates well with the increased proliferation observed in deciduomal tissue. Based on these cumulative findings, it is proposed that once initiated, uterine decidualization is a feed-forward process inherently controlled by maternal signals such as ovarian-derived steroid hormones and growth factors and that through paracrine signaling the embryo modulates this process to reduce stromal cell proliferation in favor of differentiation. This may occur due to limited resources at the implantation site in the absence of a fully developed vascular network. In a somewhat parasitic manner then, the embryo may actively curb endometrial growth to conserve nutrients and oxygen that is needed for its own survival. Uterine NK cells are the most common leukocyte in the uterus, constituting as much as 30 -40% of the total endometrial cell population in pregnant women and other species (18, 20) . Several common NK cell markers were observed as being up-regulated in the endometrium of pregnancy, compared with deciduomal tissue. Histochemical staining with the NK cell marker DBA lectin revealed a 7.8-fold increase in decidual vs. deciduomal NK cell numbers. Because more NK cells were found in the decidualized endometrium of pregnancy, it is likely that the embryo regulates NK cell numbers. However, it is also recognized that sesame oil used to induce decidualization in pseudopregnant female mice could attenuate recruitment of NK cells to the uterus.
It is quite clear that mechanistic differences exist in embryo implantation between primate and rodent species. However, when compared with other studies, our results show that many similarities also exist, at least in terms of endometrial gene regulation. The malleability of mouse genetics can be used effectively to evaluate functional contributions of genes or processes that are conserved across species with different forms of implantation. For example, it will be important to further explore the functions of ISG15, FSTL3, EPCR, and HtrA1 in the decidualizing endometrium. Our study adds new information to what is currently known about maternalembryonic interactions in at least two respects. First, the array approach used here is one that provides a genomewide analysis of gene expression in differentiating uterine stromal tissue in the presence or the absence of an embryo. Second, information beyond comparative gene expression is used to support the hypothesis that the embryo takes a proactive role in certain aspects of maternal endometrial development during implantation. Future experiments should be designed to prioritize an understanding of conserved genes or pathways, four of which are described here. Studies of maternal-embryonic interactions will be beneficial to clinical sciences, in which diagnostic and therapeutic strategies can be developed to assist in reducing first-trimester pregnancy loss as well as basic science in which new gene functions (e.g. IFN-regulated genes or Procr) are likely to be discovered.
